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SUMMARY

The behaviour of composite and double-vase propellant rocket
mo*ors on storage is reviewed and the probvlems of safety and
detesioration in performance are considered with emphasis on
the basi~ chemical and physical chenges involved. Storage at
elevated temperatures is shown to be very important and accel-
erated testing 1s used to predict the effects of much longer
cool storage. Tests necessary to avoid eventual spontaneous
‘inflammation include compatibility of ingredients and
materials, temperatures of ignition, estimation of the rate of
stabiliser consumption and its relation to the Safe Chenmical
Life, and measurement of heat evolution to permit zalculation
of cook~off limitations on charge dimensions for double-base
or similar reactive propellants. Changes in motor perforuance
are described, in particular rupture of the charge by gas
formation due to chemical decomposition within double-base or
"exotic" propellants and frow interactions of propellant
ingredients with other motor cowponents such as thermal
insulants, inhibitors and adhesives. Changes in burning rate,
and rheological problems associated with usage over a wide
temperature range are included. The-problems of plasticiser
migration are described in a separate paper with special
reference to cellulose acetate and ethyl celiulose inhibitors.
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FORENORD

This paper by Dr R Stenson was originally written for the
Annual Meeting of the Inatitut flr Chemie der Treib-und
Explosivatoffe held et Karlsrubhe in September 1971.

This paper is now reéproduced as an ERDE Technical Note in
order that somewhat wider circulation can be given.
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Reference: WAC/214/017

1 SUMMARY

The behaviour of composite und douadle~base propsllant rocket motors on
storage is reviewed and the problems of safety and deterioration in perform-~
ance are considered with emphasis on the basic chemical and physical changes
involved. Storage at elevated temperatures is shown to be very important

and accelerated testing is wusel to predict the effects of much longer cool
storage. Tests necessary to avold eventuzl spontansous inflammation incliae
compatibility of ingredients and materials, tesmveratures of ignition,
estimation of the rate of s.abiliser consumption and its relation to the Safe
Chemical Life, and measuresnent of heat evolution to nermit calculation of
cook-off limitations on clarge dirmenaions for double-vase or similavr reactive
propellants. Changes in motor performence are described, in particular
rupture oi the charge by xas forma*ici lve to chemical deccmpcsition within
double~base or "exotic" propellants and frim interactions of propellant
ingred.znts with other motor components st as thermul insulants, inhibditors
end cudhesives. Changes in burning rate, and rheological problems assozianted
with usage over a wide temperature rarge are included. The problems of
plasticiser migration are deacribed i a separate peper with special
reference to cellulose acetate and eth,? cellulose inhibitors.

2 INTRODUCTION

The storage cliaracteristics ani Service Lives of rocket motors are assessed
in the UK by the Ordnance Koard, which is a separate authoritative body
charpad with the duty of advising on the safety and eftectiveness of all
armament proposed 1or use in the British Services. To this end it is called
upon to organise qualification or acceptance trials cesigned to test whether
new weapons conform in detail with the requirements laid down by prospective
users. The Board, which is largely compused of oft'icers from the Armed
Services who are the ultimate users of the weapons, seeks detailed advice at
all times from the many specialists in the {ield and publishes the results of
its deliberations in Proceedings. Over the years it has built up an enviable
reputation for objectivity, accurany and thoroughness. Thi: paper does not,
hiox2ver, cover the behaviour of rocket motors in Ordnance Board trials and
the consequent environmental limitAtions, dbut rather deacribes some of the
baclground expertisa that is avaeilable to this Board in UK research
establishments.

A 30lid propellant consists of a mixture of oxidiser and fuel. The oxidiser
cen be crystalline and embedded in & fuel matrix, which may be a viscous
liguid or a rubbery polymer eg polyisobutens, polyurethane, carboxy-
terminated polybutadiene. Alternatively, tie oxidiser and fuel can be
present in the same molecule as in double-base propellants containing nitro-
glycerine and nitrocellulose. These propellants are associated in rockets
with a range ot materials which are used to limit the burning surface,
provide heat insulation to the motor body, relieve stresses, retain the
propellant, house igniters etc, Ths interaction tetween these materials and
the propellant, and changes in propellant propertiea during shelf or Service
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storage for & number of years may result in changes in the motor performance
paradeters, its physical ability to withstand environmental conditions, or
more catastrophically affect its safety in storage or functioning. This
report gives separate consideration to safety, of major interest with
propellants containing nitrecellulose, nitroglycerine, or other reactive
compounds, and to the various types of ¢hange in performance.

3 SAFETY

There must be no possibility of spontaneous inflemmation under storage or
usage conditions. The t®wo main areas of cencern are how long is the charge
likely to be storable safely at elevated temperatures (the Safe Chemical Life),

and also whether self heating is likely to occur when larger charges are
involved.

31 Safe Chemical Life

Nitric esters (and some other ingredients used in propellants) are inherently
unstable and are continually undergoing alow decomposition even at anbient
temperatures. Fruducts of decomposition (nitrogen dioxide, nitrous and nitric
aoids) catalyse reaction unless they are removed by stabilising additives, a
variety of which are availsble. The traditionel carbamite (diphenyl diethyl
urea} used in double-base propellants, although effective, has now been
largely superseded since it reacts and produces gases which are not absorbed
by the propellant matrix and c¢racking may occur eventually. The stability of
double-base propcllants and compsatibility with new ingredients and inhibitors
are assesged by determination of the stabiliser consumption, and in addition
by measuring the evolution of gas or heat during accelerated storage trials,
A concept of Safe Chemical Life for Service usage has evolved, which is
related conventionally to the quantity of stabiliser present. The Safe
Chemical Life at a given storage temperature has usually been standardised,
for carbamite-stabilised propellants as the time for half the stebiliser in
the propellant to be consumed. Relisble estimates are obtained provided
accurate methods of analysis are available eg thin layer chromatography, to
monitor the stabiliser concentrations. IMrediction of the Safe Chemical Life
under norwal storage conditions is obtained by advance inf'crmation derived
from storage at elevated temperatures. Care nust be taken that the selected
temperature is not so high that it introduce: unusual reactions and, at
present, tests are usually performed at 50 or 60°C. In the UK the Safe
Cnemical Life is then equated to years at 32°C (90°P) by the use of a
temperature corrsction factor of 2,9 for every 10°C. The figure required is
generally at least 7 to 10 years for rocket charges and 20 to 30 years or
longer for gun propellants (see Table 7).

Other tests for Safe Chemical Life, particularly to screen new ingredients

and materials for compatitility, are utilised. Gross incompatibility is shown
by the simplest of tests and .trong evidence f.1 rejection of a particular new
ingradient or material is available quickly. Very of‘en, however, exhaustive
and painstaking examiretion 1&s necessarv to prove a sys.en acceptable if the
behaviour is complex and the evidence not streightforw.rd. In the Silvered
Vessel Test a finely divided stendard propellant containing minimum stabiliser,




1s mixed with a test material and heated at 80°C in a vacuum flask (Dewar
silvered vessel) until fuming or a 2°C temperaturs rise is observed as the
sample self heats. Results are quoted in days and a reduction of more than
20 per cent in SV figure, when compatibility i1s being tested, is 1egarded as
indicative of a poorly compatible waterial wiich should not be used if any
aocess to propellant ingredients (such as nitroglycerine) is possible. A
95°C test has been instituted for rapid soreening and consists of measuring
the time to igrition, or obvious decomposit.on at 95°C of cubes of wropellant,
8ide 12 mm, wrajyred in aluminium foil. Othir quick tests such as the Methyl
Violet Test, the Ahel Heat Test at 60 to 82°C, or the 105°C weight loss test
are used to show initial quality for specicl types of nitrocellulose
propellant. These tests are regarded as ¢ddc lines only and formal reliance
is plaosd upon residual stabiliser angl' sis.

Futurs cevelopments may include the ‘.pplication of thermo-~chemical methods to
stability assessment asince a very e.rly indication of incipient chemical
decomposition at fairly low test temperatures mey be possible, Heat flow
calorimetry is a promising technique under development both in the UK and in
Holland in which sensitive detection devices are used to measwve heat

genarated oy propellants undvrgoing slow denomposition. Differential scanning
calorimetry hay also been adavted and the presence of incompatible materials

is indicated by a shavrp exotherm at temperatures well below that characteristic
of a conventional double-base propellant.’

Composite propellants contain ingrelients, particularly binders, which are
generally more stable than nitric esters, and consequently greater chremical
life is conferred on the propellants. However, the necessity for anti=-
oxidants and "stabilisera” in some rubber propellant formulations w=us;esls
that the principlesa of stabiliser consumption might Le usefully applied. The
general levels of thermal stadility to be expected from the various types of
oommor: ingredients and propellants are indicated by the conventional Ignition
Temperature Test in Table 1« The advantage of composite propellants in this
respect is shown., If smokeleus exhausts are essential, however, then the
lower thermal stability of nitric ester based propellants must be accepted,

TABLE 1
. Ignition Temperature °C
Ingredient (Heating Pate 5°C/min)
Nitrocellulose 170
Nitruglycerine 160
Double~Baze Propellant 160 - 170
Anmonium Perchlorate 1SN
RDX 210
11,04 260
Composite Propellants 250 = 300
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Modern double~tase stabilisers normally permit a long Safe Chemical Life so 3
that it is now found that factors affecting pertormance are more likely to '
linit the userul Service life. For composite propellants under similar
atorage conditions the most critical factor is more likely to be mechanical
deterieomation. These aspects are covered in Section 4.

Aerodynamic heating duc to external carriage on Liigh speed alrcraft poses
srecial problems and much greater thermal stability may be required; these
apecial propellant requirements are not discussed in this paper. Kven where
double-base propellants would be considered safe by standard criteria, an
additional hazard muy exist it the motor design permits severe temperature
gradients and ensbles nitroglycerine to distil from the hot propellant and
condense onto a nearby cold surface.

3 2 Self-Heating

hen used 1a iarge charges it is possible for double=base propellants to
ignite sponvaneously at storage temoeratures belcw the nominal ignition
temperature and within the 'Safe Ch:mical Life'. <“he slow spontaneous
decomposition ot this typc of propellant causes heat evolution. For exanple,
a typlcal double~base propellunt would liberate sbout 7 x 10~° cal*/g s at 20°C
and L x 107% cd/p = at 110°C.  These r'iiures 116 the equation II = 10" 73
exp (~36,4,00/RT) cal/g s. The rate of production of heat is roughly trebled
for each 10°C rise in temperature., Ths reneration of heat by chemical
re.iction is proportional to the mass of propellant but loss of heat ,occurs
only from the surface, the area of which is proportional to (mass)?/ 3. Hence
the lurger and more compact the mass, the larger is the thermal gradient
reguirad, between the middle and the outside, to dissipate the heat. This
extra temperature at the centre of the propellant mass enhances the heat
evolution and when the mass/temperature are large enough thevmal instability
and cook=coff will ensue. The calculation of "cook=off"™ condit.ions involves
measuring the rate of production of heat with temperature, the ipecific heat,
ani thermal conductivity of the propellant. The critical radius of a solid
cylinder of propellent abosve which the steady state flow of heat no longer
applies, 80 that there can be self=-ignition, 1is given by the equation:

2 _ 2KRTZ o (E,
& = 3AFE °FP \§T

where a

Radius of ¢ylinder in cm

= Thermal conductivity of propellant and is
of the order of 5.5 x 10™* cal/cm s °C

T = Storage temperature ("K)

E = Activation Energy 36,400 cal/mole

a
N

Density of propellant 1.55 g/cm’

A = Constant 10'7°%% ¢al/s =

==/
»

1.937 cal/mole °K

*1 calorie = 4.187 joules




The time to ignition is then given bys

RT? B
t(min) = %-E_ exp (H)
where o = specific heat of propellant, taken to be 0.357 cal/g °C in this case.

Theoretical prediotions of oritical sizes and times to self=ignition for a
aimple double-bmse propellant are given in Teble 2.

TABLE 2
Theoretiocal o
ngp Critical ] Time to
Cylinder Covk=of f
Dismeter (mm) (n)
80 5i4ed 106
105 83.3 3e3
110 6143 1.7
114 49.0 1.0
120 34ed 0.5 g

Early experimental checks at 110°C indicated that the calculuted sizes for
self-ignition were on the high side, whilst observer times for ignition were
about three times expected values. Recent tests have been conducted on
sections of a simple tubular double-base propellent charge and temperature
differentials were monitored by thermocouples mrunted in the centre of andt
outside the charge. Below 105°C even degraded prcpellant would not cook-ofr
although such material was converted to a sticky mass which would be quite
unserviceable long before the end of the fox weeks testing. 'The difference
in temperature between thermocouple records was no more than 1°C.  There was
a critical temperature of 112°C above which propellant cooked off readily (the
predicted critical temperature was 110°C). Therasocouples showed a difference
of 3°C for several hours before a & to 5°C difference occurred at the onse’ of
the runaway part of the self-heating. Between 105 and 112°C cool~off occurrca
only ar'ter considerable decompositicn of the propellant.

Tests are difficult to correlste with theory cince the warming up period in
normal thermostats can be a considerable fraction of ihe time to cook-off,
Instantaneous heeting to the reference temperature never octurs in real

situations encountered in Service, where the prime consideration is frequenily

the time required f'or sufficient heat to be conducted to the propellant rrom
the environment. Agreement with theory is considered reasorable for sraller
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sizes in view of the difficulties in determining accurate experimental data
for the above equations, and in addition the complications that exist of
degradation of the propellant and reduction of thermal conductivity caused by
cracks produced by gas accwoulation. It is indicated later that gas cracking
is likely to precede cook-off so that there would be considerable violence
when a fissured charge cooked-off.

4 CHANGES IN PERFONMANCE

Changes in performance may arise from chemical or physical causes and theas
are examined separately. The effecis produced can be catastrophic if storage
reaults for example, in loss of iategrity of the propellant charge or in the
inhibition/thermal insulnnt bonding, or merely undesirable or unacceptable
owing to changes in bwrning characteristics.

CHERICAL CAUSES
4 1 Cracking Due to Gas Accumulation

Chiemical decoupnsition and interaction within double-base or newer projpellant:
containiig "exotic" and reactive ingredients can cause gas evolution. The
theoret:cal consideretions belom have involved doutie-hase propellants but can
be avplied, after relevant parameters have been determined to newer “exotic"
ayatems. The gas evolution is accelerated on raising the temperature and as a
waault an internal ges concentration is set up ard unlesa the gas cen diffuse
away through the propellant at & rate faster than it is produced, eventually
tiie pressure in equilibrium with the dissolved gas may exceel the strength of
the propellant and result in internmsl cracks he'ag developed. It is assumed
that gas can first come out of solution where there are nuclei such es chalk,
cxidiser or ballistic additive crystalas. The bt lance of forces across the
dismeter of a bubble can te considered to cory .sate critical preasure P, and
tonsile properties of' the propellant under long times of loading. A
simplified formules for hard propellants ia:

2T
Pe ® T+ )
where ' = long term tensile strength
¢ = elongation at break

kossur (classitied publication) measured directly the piressure generated in
double~base propellant on hot storage at 60°C in a charge 106 mm dia by 114 mm
long clamped betweer two steo) plates., A mercury capillar; manomete- was
£itted with appropriaste vrecautions into a 1.5 mm hole drilled 50 mm deep into
the base of the chargis Tho pressure generated during storage was calculated
f'rom the compression or the air in the sealed limb of the capillary. Naximum
pressures of 350 kN/z’ (gawse) wero developed after six to tan weeks.
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To calculate the theoretical maximum pressure the rate of gas evolution must

be measuired. Rocser et al found that for duuble-base propellant it is5 about

0.0005 v,/v jropellant/h at 60°C. The composition of the gas depends upon the

nature of tlc propellant ingredients, the decomposition mechianism am' side

reactions. The rate of gas escape depends uron the solubility of the gases

evolved in the propellant matrix and their respeciive dif'fusion constants.

The rate or gas escape can be asat 9d by measuring the permeability of thu

propellant to various gases in the laboratory. By equating the rate ot pas

tormation and escare for a ateady rate Rosser calculated the maximum presaure :
developed fur a given storage temperature. Along the axis of a cylinder the !
maximum pressure L

da’ Sy .
",\max = Q—L.F_ * /60 mmhg
where F is the gas permeability, Q is the rate of gas evolution/g, d is tle 2
density of the propellant and a is the radius ot the charge. Considering tiw £
simplifying assuiptions made, reasonable agreement betwsen theoretical wrnd

observed pressure develcped was obtained. 9

Fard? developed a mathematical treu.sent based on Fick's Law or Diffusion
givins the rate and extent of pressure development in propellants of dif'teren-
shapes. If ¢ is the mass or' & particular gas produced in g/s g of jropcllart,
then

Q = Ae wi

where 5 i3 trne activation energy for the rate-determining step by which ¢
gas i3 produceds A and B may be found “'rom a plot of log ¢ ageinst %.

If C is the conceniration of gas in g/ml of propellant, <hen according to
ilenry's law C = kp where k is the sclubility and p is the partisl preassuve.
It is asaumed that it is obeyed reasonably well for ras solubility in
rrorellants, so that calculatsd gas concentrations can bhe converted to gaa
pressures.

The c¢jquation for dif'usion is

8C

P = -Dﬁ‘

where P is the quantity of gas in pgrams passing 100 ma? of swtace, s normal
5C
to tihe gredient of concentration X and D ia the diffusion constant.

[l
Liffusion is generally an activation process so D = D/ e 2 /Rr.

“he fundamental ditfusion cquation under isothermal co:ditions can then be
derivad for the change in gas concentration with time at a given storage E
teuperature. :




¢ _ 8%¢ 8%¢C 8c 1
st-n['s;'r*v*s?*‘? ()
where Q' = Qd the mass of gas gene:nted/s mi of propellant. The general

solution of this equation for mnon-equilibriur conditions with intervention of
cracking is complex and reference should be made to Ward's original paper.
Two limiting situations are relatively simple:

a Where the provellant cracks due to excessive gas accumulation before
diffusion can become significant. In this case 8C = Q'5t since the gas
concentra*tion in the central region nf the charge is independent of its size,
provided the latter is large.

b Where equilibrium is reeched between the rate of gas formation and esacape
by diffusion with a maxdmum concentration less than the critical value for
crack formation. For the stationary state %% = 0., This applies to all
charges below a certain oriticel size.

The stutionary state equation has been applied to slabs and this is given in

some detail. Other shapes such as infinite cords, spheres, tubes both loose
and case-bonded are also considered.

1 Slab of Propellant

Consider propellant infinite in yz directions and 2a thick in x direction.

For a steady state §£-= 0 and Equation 1 gives

5t
pd?c
rral R
daC '
Integrating D ix - -Q ' x + constant.
Now%%:Oatx:a
ac .
b3z = Q (a-x).
2
Integrating again DC = Q'(ax - 3;) + constant.

When x = 0 or 2a at the boundary C = J
(gas concentration at the boundary)

1
C=QT (ax--x;—) + J.

The distribution of concentration is parabolic with x. The maximum
concentra-ion is at x = a

- i = e s immem—— = —=z. s o=
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= l_:i "
then Cma. 5 + J
When J << C
nax
1.2
C = Q.."__
max 2D

Similar formulae were derived by Ward for common propellant charge shapes.

ii

iil

iv

where

The expression outside th
ssme external diemeter.

Infinite Cord
1.2
c = S8 L, 3

max LD
Sphere
Tubular

Lawson (clsssified publication)

with a small hole:

Conx - Q%%i {1 - (1 + log log (%)2)/108 (%92} + J,

outer radius

ole

inner redius

radius

[}
®

radius

diameters are given in Table 5.

TABLE

]
[

has derived an expression for a tube

e brackets is the value of C
Comparisons for cords and tub

for a cord of the
3§ of equul external

3

a Outer radius tube
b Inner radius Dax cord

3 0.25

5 0. 34

20 0.53

L00 0.7

8,000 0.79

L
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It is concluded that a very tiny hole in the centre of the cord will reduce
the gas pressure by about 20 per cent over the solid cord.

v Case-Bonded Tube

Lawson derived for a case-bonded tube:

C = g:-eirl &2 o L + Ue
nax 4D ( 0&q (b) 1 +. (§)2}

Table 4 indicates that the tendency to crack increases rapidly with increase
in the radius ratio. For a typical loading density with a propellant
occupying about 85 per cent of the space within the outer tube of & high

performance central conduit rocket, the ratio % = 2.6, The maximum pressure,

and thus the tendency to crack, is about,the same as for a cord of the same
external diameter. This might rule out prolonged hot storage (49°C or above)
of very large motors of this type containing double-base propellants since
eritical diameters are seldom above 305 mm at 49°C nor lives above a few
months at this temperature in siges larger than the critical size.

TABLE &4
c for case bonded tube :
a _ Outer Radius max
b ~ Inner Radius cma‘ for cord of same diameter Size of,equivalent cord
1.65 ' 'O. 37 00615
2 0.63 0.80a
3 IS a 1e14a
4 1.83 ' 1.38a
6 :2-61 1062&
16 3.60 . . 1.90a

L 11 Critical Size and Temperature

It follows frcm the above analysis that propellant web thickness and tempera-
ture both aff'ect the onset of crackins. At a given temperature there are

two criticel sizer corresponding to conditions {(a) and {(b), or for a given
charge size there are two corresponding critical temperatures, a lower one
below which the gas can escape before developing a critical pressure and where
cracking rarely occurs, and is possible only af'ter the mechanical properties
have degraded on long hot storage, and an upper temperature above which
diffusion can be ignored and the time to develop cracks is independent of size.
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The lower theoretical criticel thickness can be expresssd for a aphere as 3
follows: : : :

Q
"

1.2 :
Qg%- where a 13 the critical radius

max and Cmax i3 the gas concentra-

tion for cracking to appear.

Let Cpox = Corit®
- BV
. C - Ae ﬁ. [ azd
U o
6D e KT
° 1
B
6D RT
. a? = o”crit °
- Ad

6D_C
o “crit /B -~ B' ,
Ina = %ln -~ -G > . s
An approximation cen be made by assuming that changes in Ccrit can be

neglected over the temperature range considersd, in comparison with the
exponential term,

whe EBQEEEEE = K

n el =

' . (B - B ,
then . lna = 31nK + ‘2(—-R-T—) . 2

llaving determined the critical size at one temperature it is possible by the
above equation to estimate values for other temperatures. An estimate of

B - B' can be made by measuring gas evolution and diffusion or gas permeabi=
lity at various temperaturss; K can then be deduced for one temperature. In
rractice it is easier and more accurate to determine the critical size at the
' requiced temperature in view of the experimental difficulties and uncert-
ainties in gas evolution, diffusion and permeability measurements.

In a widely accepted UK cracking test, four 51 mm cubes of the propellant are
stored in a 0.8 mm thick aluminium can in an oven, the temperature of which is
maiatained at 80° * 0.5°C. Each aluminium can has & loose-fitting cover
secured by tapes. The development of porosity or cracks in the cubes during
hot storage is followed by ¥-ray inspection of the canned cubes. The cubes

-11 =
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are X-rayed before being placed in the oven and thereonfter daily during the
first week on test and subsequently every other day until cracks are detected.
The time during which the cubes are out of the ovea for inspection does net
exceed ten minutes, corresponding to a maximum temperature drop of 12°C at the
centre of' the 51 mm cube. Experiments proved this brief temperature drop to
have an insignificant effect on the cracking life of the propellant. Storage
using lerger, or smeller sigzed cubes and different temperatures of storage 1is
necessary to bracket critical thiclknesses. Cracking results for double~base

propellants are somewhat variable and this is thought to be due to small
amounts of impurit.

some typical critical sizes for given storage temperatures are given in

Table 5. r_opellant A refers tv a simple system and B to a high performance
propellant.

TASLE 5

Critical Thickness

Propellant Tem?gg§ture (um)
Lower | Upper (Dgizcio
—
50 &7 93 85
A 60 22 L7 25
80 5 12 2
>0 300
B 60 170
80 60

Some ballistic modillers tend tc iancrease the rate of gas evolution which
results in a reduced critical thickness although a few modifiers can be
selected which are not deleterious. Those adcnhted for propeliants in Service
use must confeer desirable ballistics, but also must not introduce cracking
problems. '

Ideally the use of a specific propellunt in a large boost and particularly in
& large sustainer necessitates the web thickness to be less than the critical
thickness for the highest storaege temperature envisaged. Cracking can be the

determining factor in the storage life of double-base propellanta ss shown
later in Table 7.

~he above refers specifically to double-base propellants but similar treat-
ment is applicable to any propellant which contains reective ingredients
giving gaseous products. Composite propellants containing chemicaily inert
ingredients are free from this problem but the addition of nitro compounds

-12 -




can raise the problem acutely i the rate of gas evolution is say more than
0.0005 vol gas/vol propellant/h at B0°C. This treatment relates to gassing
within th: propellant bui complications can arise with inhibited loose
charges or thermally insulated motor designs employing case bonded charges
(see Section & 4). ¥or the loose charge both the inhibitor and the adhesive
used must be permeuble to propellant decomposition gases. Highly cross-
linked adhesives and thermosetting potting inhib’tors have on occasion not
allowed sufiiciant dtffusion of sases and pressure has eventually built up to
cause either blistering of the inhibitor, extensive unbonding or cracking.
For case-bonded charges the permeability of the inhibiter system is not of
concern but even slight incompatibility may produce a locel gas concentruation
at the insulant/propcllant interface which is sufficient to cause premature
craciiing or unbonding. It is also desirable that the bond strength should
be no less than that or the propellant itself, since the concentration of
dissolved gas is a imaximum in the propellant next to the impermeable wall of
the rocket motour case.

4 2 Ballistic Changes

Many rockets have specifications requiring fairly close control of oallistics,
80 it is necessary to ensure that tne propellant does not change its energy
level or burnin, rate very much on prolonged s<o' e. Accelerated hot
atorage tests are used to check new propellants, nich should show only small
changes in 3 to & months at 60°C, but rrolonged storage at more normal
temperatures is still required for finel acceptance.

Changes in energy due to the slow decompocsition of double=base propellants are
usually negligzitle over the storace 1ife of a rocket charge. L. rger changes
can occur due to changes in volatile matter (eg water) or loss of plasticisers,
if rockets are baily sealed. Thus a typical drv double=base propellart will
burn about five per cent faster than one containing one per cent of water.
Water is also deleterious in most composite propellants.

The most serious chanyes are met in propellants ccntaining ballistic modifiers
if these are volutile or chemically reactive. Nitration of mo-iifiers in
double-base propellants hac been deronstrated in some cases, with associated
changes in burning rate. Microscopic exarinetion of thin sections of double-
base propellant has shown i1 one case a biretringent constituent which is
thourht to be formed by hydrolysis of the ballistic medifier with possible
t'urther reactions with propellant ingredients.

L 3 echanical Deterioration

This may be caused by either physical change (see Cection &4 5) or by chemical
reaction. Degradation of the propellsnt on storage by chainebreaking of the
polymer binder and reaction of the fuel/oxidiser mixture inevitably affects
mechanical properties. In the case of doutle-v:-se propellants it is thought
that deterioration in mechanical properties will continue to be & much more
verious limitation than the Safe Chemical Life on *%e¢ life of rocket charges
wiich are subjected to high stresses on 1iring. For example the "Fhysical
Lif'e™ of & typical simple double-base propellant is about one third to one
half *he Safe Chemical Life. At the end of this time, the strength and
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Young's modulus of the propellant may be only about half the original values
8o that there is no longer an adequate factor of safety at the upper tempera-
ture limit. The temperature coofficient of mechanical degradation is about
3.0 for 10°C. <+he dilute solution viscosity in n-butyl acetate solution can
be used to follow the early stages in the degradation of nitrocellulose and
nitrocellulose propellants. A viscosity change exceeding about 30 per cent
mar:s the onset of serious mechanical degradation.

TARLE 6
Tempera- Time Intrinsic _
ture Stored | Viecosity ?bg;&i:ﬁi;n
(°c) (months)|  (n,) pe
60 0 20010 -
1% 1.63 20
L 1.63 20
12 1.27 38

The example given in Table 6 indicates that the mechanical properties of the
propellant will not withstand 1 year at 60°C without considerable deteriors-
tion, but it must be remembered that the relationship between intrinsic
viscoslty and mechanical proverties of the propellant is no more than
qualitative.

Some composite propellunts ars suscept:ble to mechanical deterioration which

is requently the most severe limitation on storage life. Thermal instability
of the bLinder in the presence of a strong oxidiser such as a.monium perchlorate
results in softenin; of the propellunt and may limit the meximum storage
tempurature. Post-cure hardenine by crosslinkine of' thermosetting binders may
alsc occur. Hydrolytic instability of the binder or binder/oxidant may also
necessitate the sealing of rocket motors. MNoisture can also cause lack of
adiiesion at the oxidiser/binder interface. Age-hardening of highly filled
composites is also a well known phenomenon. 1t is no*% well understood and is
probably due to a combination of physical und chemical causes.

PHYSICAL CAUSES
4L & Introduction

As rocket motors have become more and more sophisticated, more varied
meterinls have been empluyed. The propellant itself iz no longer simple and
cun contain a number of polymers, crosslinking agent.:, plasticisers,
stabilisers, oxidisers, fuels and ballistic modifiers. “he propellant is
usually bonded to, or in contact with, one or more of a range of polymeric
materials which also may be bonded to the motor wall. Solvents from adhesives
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and lacquers may be left in the motor. The fabrication of inhibiting
materials may involve the use of volatile prepolymers and reactive cross-
linking agents which may not combine completely and remain a source of
chemical reactivity. Diff'usion to susceptible components such as fuze
match=heads may occur where attack could, in extreme cases, cause malfuncti-
oninge.

Serious ballistic malfunctionlng may occur due to failure of the thermal
insulant or inhibitor bond to the propellant charge. Failure is not usually
due to chemical degradation of the polymer oa hot storage; rubbers, thermo-
plastics and thermoseta of satisfactory stability, with or witnout the
addition o antioxidants, can be selected to withstand the maximum storage
temperature enviromment in the rocket motor in contact with propellant and
other components. Reslistance to hydrolytic attack is important since water
may be present in some propellants. Adhesion failure at the propellant/
inhibitor interface may be ceused by chemical reaction at the interface, but
this i3 generally a small effect provided the inhibitor selected is truly
compatible with the propellant. Bond failure can occur due to a variety of
physical causes such as digsimilar mechanical properties of propellant and
inhibitor, lack of tlexibility of the inhibitor, or separaticn at the inter-
face due to low gas permeability of the inhibition or adhesive. These types
of failure should not occur in Service-accepted ™otors as they should have
been elininated by accelerated testing during thr development of the design
and suitable ternative systems devised.,

L5 Rheologicali Problems

Physical changes in the mechanical properties of double-bsse propellants can
sometimes be ascribed to the method of manufacture since rheological proper=
ties are deternined not only by the propellant formulation but also by the
degree of gelatinisation of the nitrocellulose, -omogeneity and the extent

of frozen stresses. The examination of the fine str cture of cast propellants
sometires reveals hard centres in tr2 casting powder grains which may be
gelatinised further by post-curing. The increase in strength of the propellant
is achieve! at the expensz of elongation which, for herd propellants contain-
ing high concentrations of nitrocellulose, could lead to ready cracking of the
propellant charge. The strength «nd elongation at break of solvent-sxtruded
propellints are considerably greater than those of corresponding solventless
rropellants, and advantage may be taken of this in charges having smell web
thicknesaes.

Differsntial thersal contrection between a case-bonded propellant charge and
the rocket iube causes circumferential strains in the propellant at all
termperutures below the curing temperature, reaching a maximum at the surface
of the conduit, being particularly severe with hizh loading densities. Long
term stressing ot double-base propellants may lead to a significant reduction
in tensile strenrth and Young's modwlus which is not due to degradation of' the
polymer. These problems may be afgravatsd by temperature cycling which may
superimpose failure due to fatigue. Double-base propellunts which contain
non-colloidal fillers are more likely than unfilled ones tn fatigue on
temperature cycling, and dewetting has to be taken into account. For loose
inhibitea charges the effect of lon temperature depends on the degree of
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mismatch of mechanical properties between the inhibitor and the propellant.
Tor a rigid inhibitor the lower temperature of Service use may be limited by
bond failure or oracking of the inhibitore Even if no failure is present
before firing, a luw temperature ignition shock or rapid pressure build-up may
propagate incipient inhibitor failure. Hence cold storage and thermal cycling
of simple model rocket charges have been carried out to evaluate various
propellants.

Dimensional changes of the propellant can occur cn continuous storage of a
rocket motor since the weight of propellant causes a steady stress in one
directions An estimate of the maximum size of charge which will withstand
gravitational stresses indefinitely, and acceleration streases on firing, can
be obtained by equating the sheer modulus of the propellant with the maximum
stress in the charge. In the simple case of a long cylindrical charge with
central conduit, case-bonded and stored vertically, the stress is a shear,
increasing towards the wall of the tube where it is equal to the weight of
the charge divided by the area of supporting surface. The vertical deflection
at the inner surface can also be calculated. Gravitational loads on solid
propellant rocket grains have been considered in detail by Hopkins et al.’®
The UK plastic propellant was tested experimentally since it has a low yield
stress and some measurable deformation occurs in a ressonable time with tsst
specimens. Good agreement with theoretical predictions was foungd.

Double~-base propellants and crosslinked composites do not generally suffer
from significant slumping and it would be expected that the charge would keep
its shape indefinitely. Double-base propellants containing a minimum of
nitrocellulose and composite propellants suffering from mechanical deteriora-
tion due to polymer breakdown might well deform on high temperature storage.
Some dimensional changes of a small order of magnitude will occur for double-
base propellant charges on hot storage when relaxation of stresses present on
extrusion causes a slight shortening of the charge. In addition thermal
expansion of the propellant is much larger than that of steel, light alloy or
fibreglass so that charges which are a tight fit when hot will become slack
on cooling.

Vibration of the rocket motor does not normally cause severe change but the
propellant rheology in relation to the particular application must be care=~
fully studied since instances of breakdown of structure have been experienced.

4L 6 Migration of Plasticisers

A serious problem can be caused by the migration of ingredients within the
rocket motor, particularly when the propellant or other components contain

luw molecular weight ingredients capable of diffusing rapidly under hot
storage conditions. Ingredient migration is a particularly difficult problem
for double~base propellants where absorption of nitroglycerine by the insulant
or inhibitor can not only affect propellant ballistics but at the same time
reduce the flame~-resistance of the inhibitor. Swelling of the insulant or
inhibitor due to plasticiser absorption can occur and cause high stress
concentrations at sharp corners with consequent bond failures. The inhibitor
may also become mechanically weak and sof'tened due to plasticiser absorption.
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Experiments conducted at BERDE t0 oclassify migration parameters are described
in a separate paper and cover the testing of conventional inhibitors,
cellulosa acetate and ethyl cellulose, for double~-base propellants and the
interactions of polymers with nitroglycerine end other propellant ingredients.

5 OVERALL STORAGE CAPABILITY

The foregoing is & summary of the more important storage problems with which
the rocket designer and user are confronted. The choice of temperature
coefficient to deduce storage life from accelerated testing at elevated
temperatures depends upon whether the limiting factors are physical or
chemical in nature. Most of the relevant chemical reactions have broadly
3imilar energies of activation so that temperature coefficients are well
understood andi are of the order of threefold for 10°C. Occasionally testing
at high temperatures gives abnormal reactivity due to some new r-action
occurring above a threshold terperature; subsequent conversion to normal
climatic temperatures then gives somewhat pessimistic results. Where physical
causes are the relevant factors lower energies of activation and temperature
coefficients are frequently found.

Table 7 summarises typical overall storage limitations for a simple double-
base propellant and shows the significance of size in relation to the
different types of failure.

TABLE 7
; Cracking of Shcet Self-Heating
Temp | Chemical | Lower | p Critical pechanical
(°C§ Life Critical | N Sphere Time to 'EOF:rdlg‘
Thickness ! c 0 Radius Cook=of'f egrade
i rack
(om) (m)
30 40 years 144, 3% years 12,740 27 years| 11% years
60 1 year 22 25 days 1,127 78 days | 125 days
80 33 days L9 2 days 252 Y. wAys 10% days
{
i 100 3 days K245 2% hours |, 66 f% hours -
{ i -
120 6 hours é - [ - E 19 &% hour - !
i o e I

The above simple propellant did not contain ballistic modifiers, but the
storage life will be dependent upon the specific ballistic modifier present
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and may range from three months to a year or more ai 60°C depending on the
Lallistic design tolerances. The rocket motor will also contain thermal
insulants/inhibitors and choice of unsuitable materials may give atorege lives
at 60°C ranging from two to four weeks to two or three months depending on the

extent of plasticiser diffusion. Service lives of some US motors have been
quoted recently.!

On these principles the storage life of a specific motor design for a given
tomperature environment can be estimated. Further safeguards on safety and
reliability can only be made by accelerated trials on the rocket motor aimed
to simulate Service usage. Finally a proportion of motors should be rcturned
f'rom service use over the yoears for conf'irmatory examination so that the
predicted and demonstrated Lervice lives can then be compered.
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